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Prospects for entangling ions in a Penning trap

Why entangle ions in a Penning trap?
e |large numbers of ions
e |ong relaxation times
e low heating rate (?)
e study of the decoherence of large N spin
squeezed states
e potentially useful for spectroscopy
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N ions, 5 = &;/2, composite spin J = YN | 5

Ramsey squeezing parameter £ = %\/N

NIST Penning —-Malmberg trap
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Equilibrium plasma properties
Dubin and O’Neil, RMP 71, 87 (99)

¢ thermal equilibrium = rigid rotation o,
¢ T~0 = constant plasma density,

n, = 2, Mo, (Q-w,)/g?,
Q) = cyclotron freguency

¢ quadratic trap potential = plasma shapeisa spheroid

Density n,

A " A
215

2

aspect ratioo=zJr
deter mined by o,

Rotation frequency o,

T [K]

lon heating rate
Jensen, et. al., PRL 94 (2005), Phy. Rev. A 70 (2004)
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Slow heating at short times: 50-100 mK/s
due to residual gas collisions

Nobu Shiga, Wayne Itano, and John Bollinger
NIST, Time and Frequency Div., Boulder, CO 80305

‘Be* energy level structure with B=4.5T
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Planar structures at low rotation frequencies
Mitchell, et. al., Science 282, 1290 (98)
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1 lattice plane, hexagonal order

5 lattice planes, bcc-like order

Possible studies

1. use Ramsey spectroscopy to measure ‘<§ >‘ and AJ,| ,,;, calculate &g
2. measure the decoherence - measure how ‘<§>‘ and AJ| ,nevolve

3. how does the decoherence scale with N and the “depth” of the squeezing

Sorensen, Molmer, PRL 86, 4431 (2001) — measure “depth” of entanglement
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Spin squeezing

Wineland et al., PRA 46, 3554 (93)
Kitagawa & Ueda, PRA 47, 5138 (93)

one axis twisting

start in |J, M ;) = ]%,%}
rotate % radians about vy
apply exp(ixJ.%t) = exp(i0J,?)

(Jo) = & cosN—1(0)
(AT 2)in = V{1 + V1[4 - /A2 4 B2]}
A =1-cosV72(20), B = 4sin(0) cos™N=2(0)
(AT ) min, ER = <Aj—il>x/ﬁ are minimized at short times fyp; ~ 1(3['28/63%

Example: N=1000 — 6, ~ 0.0086-(1/2) , ¢z~ 0.11
N=100 — 6,,~0.04:(n/2), & ~ 0.25

opt

Mode spacing for single plane plasmas

(Weimer et al., PRA 49, 3842)
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e singleplanecondition: o (0) (iliz)

< 1.10 whereo(r) = 2z0n0\/1 — (r/19)?

= plasma radius rq > (%) / (ﬁf};) « of g-field
» consider axially symmetric drumhead modes
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mode spacing ~ w,« Q ~ 3]\%% e
mw .
~ 0.8z P for spherical plasma
VN < mode spacing ~ 1/N

assume ,/(2n) ~ 1 kHz
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Entangling scheme: NIST two ion-qubit phase gate
[Leibfried et al., Nature 422, 412 (2003)]

1. prepare | 111 -+ 1) = |J = %,MJ — %) T iona ~ 1 MK

2. m/2 pulse of 124 GHz microwaves N
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3. apply exp(ix {J,}? t) “push” gate on the axial center-of-mass mode of a single ion plane

Te

beams

Raman X
t

single plane of °Be* ions

4. do Ramsey spectroscopy to extract g

Experimental parameters

Assume: v,=1MHz, T=1mK
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5 mW beams, single plane with radius R,
require exp(-2R ?/wy?) > 0.9
| laser waist w, = 4.36 R,
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for optimum squeezing WCO?Q 257Tm — 0.86
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interaction time for

N, © R, Q1) | Neom | neom v/ + 1| Neom $M/(21) | M optimum squeezing
10, 1.5° 35 um 60 kHz | 0.008 | 0.036 480 Hz 0.2 ~1ms
102, 37.5°| 112 um 6 kHz | 0.058| 0.27 340 Hz 0.3 ~1ms
103, 37.5°| 352 um | 600 Hz | 0.018| 0.084 11 Hz 17.5 18 ms
104, 37.5°11120 um | 60 Hz | 0.006| 0.027 0.35Hz | 3720 3.7s

]St Step - need to be able to perform projection-noise limited spectroscopy
on the electron spin flip

projection noise vs shot noise at “side”

1 / N
O-proj:KE\/N’ O gt = KE

' N
oo N/2 0,y >1004, = K %\/ N >10, K >
dark N/2 K > 200
State

K = # of photons detected for each
bright state ion

at high magnetic field (4.5 T), optical pumping slow ~5s

f/2 107 photons/s « 0.015 ¢ 0.3 * 0.8 - 1 s = 36000 detected photons/bright ion
f/5 107 photons/s « 0.0025 ¢« 0.3+ 0.8 « 1 s = 6000
| \
saturation solid QE lens
count rate angle transmission

Spontaneous emission

for Be* with a Raman detuning

of 40 GHz, y~ Q10?3

(Jy =Dz, Je=SN 184 (Jz) =e 7{Jz(0))

spin squeezing

sensitive to

gR(t) — \/4|(J]z\£§)))|2(1 — 6_2%) + 6_27t£R2(0) correlations between

pairs of spins

N Y= Q x 1073 t &R(O)zg(eopt) E.’R(t)
10 2nx 60 st 103s 0.56 0.89
100 21X 6 s 103s 0.25 0.38
1000 2nx 0.6 s 20x 103 s 0.11 0.43
10000 2nx 0.06 st 3.7s 0.05 1.07

e- spin-flip with 124GHz Micro wave
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v,w=124,048.248MHz+IF Frequency




